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Abstract

Catalyst growth carbon nanotub&SNTs) have been synthesized successfully by microwave plasma chemical vapor deposition
using CH, —CQ gas sources, and Fe, Ti/Heas catalysts. Significant difference of morphology in the carbon deposition was
observed between Fe and Ti catalyst. By adjusting growth parameters of CH o CO , a high yield of vertically aligned CNTs
can be found in an Fe-deposited substrate. Ti is shown to be not suitable as a catalyst in CNT production. In the present work,
we investigated the effect of H plasma pretreatment on the CNT growth from the viewpoint of catalyst morphology, using Fe as
the catalyst. After the H pretreatment, significant catalyst particle sintering was observed and resulted in a broad size distribution
of catalyst particles. The diameter of CNTs was governed by the catalyst particle size. The diameter of CNTs thus increased as
the H, plasma pretreated time increased. The CNT diameters were distributed in the range approximately 10-20 nm when Fe-
deposited substrate was not pretreated. However, the diameter of CNTs increased from 30 to 300 nm when Fe-deposited substrate
was pretreated from 1 to 15 min. The CNT growth model in catalysts, as a function of a gas environment of GH —CO gas
mixture, was investigated.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction particles with low density and broad diameter are formed
at higher temperaturegl0]. Rodriguez[11] and Jose-
Microwave p|asma chemical vapor deposition Yacaman et a.l.[12] have showed that the diameter of
(MPCVD) has been widely used for the growth of tubes was controlled by the metal catalyst particles,
carbon nanotube6CNTs) and diamond film in H and ~ Which activate CNT growth. Kukovitsky et all13]
CH,, H, and G H,. Since CNTs were discovered by investigated the correlation between metal catalyst par-
lijima [1], many kinds of synthetic techniques have tcle size and CNT growth. Some groups reported
been developed, such as arc discharge, laser ablationPretreatments as a means of varying and controlling the
pyrolysis, plasma-enhanced chemical vapor deposition,diameter of CNT and investigated the effect of metal
thermal chemical vapor depositid@—7. Some groups ~ and the mass production methads--16.
emphasized the control of CNT orientation and synthe- [N our previous studies, MPCVD was successfully
sized well-aligned CNTs by chemical vapor deposition Used to synthesize multi-walled CNTs by carbon oxide
for various catalysts, gas sources and substrates. Dai e@"d methane gas mixturefl7]. We found that by
al. [8] and Fonseca et a[9] have studied the use of Substituting carbon oxide for hydrogen in €H —€0 gas
Fe, Mo, Co, Ni as catalyst particles particularly on Si- mixture, a high yield vertically aligned multi-walled

and Al-based substrates. The catalyst, reaction temperCNTS could be synthesized at temperatures below 330

ature and reaction gas play important roles for °C [18]. We also have investigated the correction

. ; : between temperature and diameter of CNI§]. The
controlling growth quality of CNTs. Larger-size catalyst ™. o o
g9 d y g y diameter of CNTs is influenced by the original catalyst-
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Table 1 mixture of CH, and CQ was used as a source gas. The
The metal catalyst component gas flow rates of Cii and CO were set at 30 sccm,
and DC bias was set at 200 V and was performed to

Catalyst Ti (%) Fe(%) Carbon component Quiality | - et
align the CNTs. The deposition conditions are summa-
1 100 0 Carbon nanocones Poor rized in Table 2.
2 0 100 CNTs Good Aft d it . lect .
3 50 50 A graphite sheets, CNTs  Fair er depositon, a scanning electron microscope

(Hitachi S-4700) was used to examine the morphology
of vertically aligned CNTs. A high-resolution transmis-
In the present work, the effect of various catalysts on sjon electron microscopéPhilips Tecnai-2® was then

CNT growth was studied. The CNTs were deposited ysed to investigate the microstructure of CNTs.

from CH, and CQ gas mixtures by MPCVD process

using Fe, F@Ti, Ti catalyst, respectively. We investigat- 3. Results and discussion

ed the H plasma pretreatment effect on Fe-catalyst

morphology and the diameter of CNTs is controlled by 3.1. Effects of various catalysts on CNT growth

the metal catalyst particles. Then, a CNT growth model

in catalysts and gas environment of CH —CO gas Table 1 shows various catalysts for the growth reac-

mixture was investigated. tion of CNTs. The effect of each catalyst was investi-
gated by keeping power at 300 W and total gas pressure

2. Experimental at 15 Torr, while at constant CH and GO flow rate of
30 sccm. The quality of samples is quite good with Fe-

2.1. The effect of various catalysts on CNT growth deposited substrate, but the vertically aligned carbon

nanocones are best formed in Ti-deposited substrate.
The metal catalyst nanoparticles were deposited on n-Vertically aligned CNTs can be obtained but granular
type Si1 00 wafer by electron-gun metal evaporation ball-like graphite and sheet-like amorphous carbon also
of 10 nm. All metal components are listed in Table 1. appeared on the substrate. The yield of CNTs was less
The experiments were carried out in a MPCVD reactor. than 20%.
The 20x20 mnt deposited metal-catalyst substrate was Fig. 1 shows the morphology of carbon deposited
pretreated using hydrogen gas with the flow rate of 200 using different metal catalysts. Fig. 1a shows the SEM
sccm. The microwave power was maintained at 300 W image of CNTs. It can be seen that the CNTs, which
and the total pressure at 15 Torr. were grown on Fe-deposited substrate, are well aligned.
Fig. 1b shows the SEM image of the carbon nanocones
2.2. Effects of H, plasma pretreated on Fe-catalyst that were grown on the Ti-deposited substrate, with a
morphology negligible amount found. Ti is thus not suitable as a
catalyst in CNT production. The F&i-deposited sub-
The Fe-catalyst nanoparticles were deposited on n-strate could be used to grow CNTs but the yield was
type Si(100) wafer by sputtering method. The thick- |ow, It is likely that if the experimental conditions were
ness of Fe catalyst was 10 nm. The experiments weregptimized, the yield of CNTs can be improved. However,
carried out in an MPCVD reactor. The 220 mn? the yield and quality of CNTs strongly depend on the
deposited metal-catalyst substrate was pretreated usingyreparation conditions.
hydrogen gas with a flow rate of 200 sccm. The H -
pretreated time was adjusted from 0 to 15 min. The 3.2. Effects of H, plasma pretreated on Fe-catalyst
microwave power was maintained at 400 W and the morphology
total pressure at 15 Torr. After the,H plasma pretreat-
ment, part of the substrate was cut and an atomic force Fig. 2 shows the typical AFM morphologies of the
microscope(AFM) was used to examine the morphol- catalyst particles obtained by the,H plasma pretreat-
ogy of the Fe catalyst. The remaining part of the H - ment. Fig. 2a shows the microstructure of catalyst
pretreated substrate was reloaded in MPCVD and asurface film before the H plasma pretreatment of the

Table 2

Experimental condition for K plasma pretreatment

No. H, plasma CH,/CO, Microwave Pressure Deposition DC bias
pretreatment timémin) (sccm power (W) (Torr) time (min) V)

Al 0 30/30 300 15 20 —200

A2 3

A3 7

A4 15
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due to the increased,H plasma pretreatment time, can
be observed.

3.3. Effect of H, plasma pretreatment on CNT growth

Fig. 3 shows typical SEM morphology image of
vertically aligned CNT growth on an Fe-deposited sub-
strate. Fig. 3a shows SEM image without H plasma
pretreatment. It shows the high density and aligned
CNTs with diameter approximately 10—20 nm. Further
identification of the diameter of CNTs still relies on the
observation of high-resolution transmission electron
microscopy(HRTEM).

Fig. 3b with H, plasma pretreatment for 3 min shows
CNTs with diameter of approximately 25—35 nm without
100% vertically aligned as in Fig. 3a. Fig. 3c with, H
plasma pretreatment for 7 min shows that the size of
non-uniform CNTs is of a diameter distributed in the
range of approximately 40—90 nm.

Fig. 3d shows SEM image pretreated with H plasma
for 15 min. It indicates that the CNTs also are not of
uniform size. The diameter is distributed in the range of
some 100—-200 nm. The Fe particles encapsulated on
the tip of CNTs are shown by white arrow in Fig. 3d.
The catalyst particle size is clearly larger than the
diameter of CNTs.

The relationship between the diameter of CNTs and
the H, pretreatment time is plotted in Fig. 4. It is
illustrated that the diameter of CNTs rose with increased
H, pretreatment time. After the H plasma pretreatment,
the shape and size of Fe particle clearly change. The
results prove that the size of catalyst always determines
the diameter of CNTs in chemical vapor deposition

Fig. 1. The morphology of carbon deposited using different metal growth, concluded already by Choi et §20].
catalysts(a) SEM image of CNTs that were grown on the Fe-depos-
ited substrate(b) SEM image of the carbon nanocones that were
grown on the Ti-deposited substrate.

3.4. HRTEM morphology images of CNTs

Further identification and analysis of CNT growth
sample. It indicates that Fe particles might be covered mechanism still rely on the observation and studies of
with oxide and the surface of particle is not smooth. HRTEM.

Fig. 2b shows the Fe-deposited catalyst surface with Fig. 5 is the HRTEM image for the multi-walled
H, plasma pretreated for 3 min. It can be seen that thestructure of sample Al and exhibits the Fe particle
particle surface becomes smoother and agglomeratedencapsulated tip with the diameter sf6 nm as shown
due to catalyst sintering. Fe particles stuck together afterpy white arrow a. The diameter of CNTs is approxi-
H, plasma pretreatment, leading to a broad size distri- mately 18 nm and the thickness of CNT wall is
bution. The Fe particle changed from an approximately approximately 5 nm. A hollow tube with 3-nm diameter
spherical to elliptic shape. Fig. 2c and d are the SEM and next to a compartment layer is indicated by white
images taken on the Fe-deposited catalyst surface ofarrow b. Arrow ¢ shows a compartment connection with
samples A3 and A4 pretreated with,H plasma for 7 the walls. The Fe particle is of approximately spherical
min vs. 15 min. Fig. 2c shows that the Fe-catalyst shape. The Fe particle that takes part in various reaction
particles on the substrate have become agglomeratedpaths of decomposition, diffusion, growth and deposition
The catalyst particles become longer and more crowdedfinally results in the growth of vertical CNTs.

than that for sample A2, and clearly uniform in width. Fig. 6 is the HRTEM image for the multi-walled
Fig. 2d shows that the particles sintered together werestructure of sample A2. It exhibits the Fe particle
all longer than 200 nm and wider than A3. Hence, the encapsulated tip with the diameter of approximately 30
sintering trends of the Fe particle catalytic nanoparticle, nm, as shown by white arrow. The Fe particle has
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Fig. 2. AFM image with the K plasma pretreatmef®) Catalyst surface film before_.H plasma pretreatment of sanfplePretreated with K
plasma for 3 min(c) Pretreated with 5l plasma for 7 mifd) Pretreated with bl plasma for 15 min.

changed from approximately spherical to the almost A growth model of CNT growth model is speculated
elliptic shape. The diameter of CNTs is approximately in the following text.

30 nm and the thickness of CNT wall is approximately  Fig. 7 shows the schematic diagram of the growth
5 nm. The diameter of Fe-catalyst particle is similar to model of multi-walled CNTs. The CNT growth on Fe
the diameter of CNTs. Thus, the CNTs grow along the particle occurs by the following five steps:

grain of Fe particle, following the trend that the diameter  (a) Carbon is disassociated from the CH —CO source
of CNTs is determined by the Fe grain size. The H gases, and deposited toward the surface of Fe particle,
plasma pretreatment causes the sintering of the Fewhere a physical absorption of carbon atoms occurs.
particle catalytic nanoparticles, resulting in a cluster of  (b) After carbon absorption, a saturated carbon film

CNTs and a blunter morphology. is formed from the continuous decomposition of source
gas and it encapsulated the metal catalyst.
3.5. Growth model of carbon nanotubes (c) The catalyst and substrate surfaces were saturated

with carbon layers, and Fe catalyst was pushed upward

Many various growth mechanisms have been illus- due to the diffusion and osmotic pressure, depositing
trated[21-23; reaction sequences of deposition, adsorp- carbon into the graphite structure below the Fe catalyst.
tion, decomposition, diffusion, growth and deposition When carbon encapsulated Fe particles move quickly
vary according to the reaction conditions and speciesupward by continuous osmotic pressure, a core is formed
during plasma processing. below Fe-catalyst particles because the carbon source is
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Fig. 3. SEM morphology image of vertically aligned CNT growth on an Fe-deposited subs@la®EM image without H plasma pretreatment.
(b) Pretreated with B plasma for 3 mifc) Pretreated with B plasma for 7 mifd) Pretreated with H plasma for 15 min.
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Fig. 4. The relation between diameter of CNTs and the H plasma pretreatment time.
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Fig. 5. HRTEM image for the multi-walled structure of sample Al.

unable to diffuse. The wall of CNTs was formed and

rolled up in spherical and cylindrical shapes, and then
hollow CNTs grow under the induction of Fe particle.

CNTs are induced by DC bias to grow vertically.

(d) Carbon species were continuously supplied and
diffused into the growing CNTs. The CNTs in the lateral
direction with multi-walled structure occur due to the
additive precipitation of carbon species, with mutual
reaction of hydrogen and oxygen, resulting in multi-

Fig. 6. HRTEM image for the multi-walled structure of sample A2.
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Fig. 7. Growth model of multi-walled CNTSs.

walled CNTs. Carbon generated from the decomposition
of CH, and CQ surrounds the outer tube wall and
keeps on growing in the direction of catalysts due to
the continuous carbon supply, forming multi-layer tube
walls.

(e) Settlement of the deposited graphite on the inner
tube walls induced by catalysts in the axial direction is
graduated.

4, Conclusions

In summary, the MPCVD technique was adopted to
grow aligned CNTs on Fe-deposited silicon substrates
using CH, —CQ gas mixture. Fe particles cohered after
H, plasma pretreatment, leading to a broader size distri-
bution. The Fe particle changed from approximately
spherical to the elliptic, further elongating to elliptic
shapes in non-uniform size. The diameter of CNTs was
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